A broad absorption near a wavelength of 350 nm in proton-irradiated solid deuterium at 4.2 K has been measured. The absorption is caused by the resonant detrapping of localized electrons from their quantum bubbles. The growth and decay of the absorption with onset and termination of the proton beam is shown to be consistent with similar timing measurements on other spectroscopic features associated with the localized electrons. A simple square-well potential model is used to estimate the depth of the well and the size of the electron bubbles.
Introduction
Charge-induced effects in the IR spectra of solid hydrogens were first observed by Souers el crl. (1, 2) for the case of pure tritium and tritium4euterium mixtures. The IR spectra consists of the well-known interaction-induced transitions (3) with extra lines due to the effects of the high-energy P radiation from the tritium. All the spectral effects of the high-energy radiation were subsequently reproduced in solid deuterium by means of proton-beam irradiation in our laboratory (4) .
The high-energy radiation produces electrically charged species that become stabilized in the lattice and induce Stark shifts in the molecular energy levels of the nearest-neighbour molecules. These shifted levels manifest themselves as shifted molecular transitions in the spectrum. Analysis of the spectra has shown that there are two charged species involved: a positive ion D3(D2); where t~ has a most probable value of 3, and an electron localized in a quantum bubble like structure. Calculation of the Stark shifts in hydrogens by Poll and Hunt (5) and the measured line shifts give a o v a l u~ for the positive-ion nearest-neighbour distance of 2.3 A(l A= lo-" m) and for the trapped-electron nearest neighbour (i.e., the bubble radius) a value of 5.1 A (4).
A broad almost featureless absorption in the near-IR at 6000 cm-I was also observed in tritium-doped deuterium (6) . We have also observed this in proton-beam-irradiated deuterium (7) and it has been interpreted as a result of transitions between bound states of the electron within its bubble. Calculations of the bubble radius (8) are satisfactorily in agreement with the Stark-shift results.
A further broad absorption in tritium-doped deuterium was observed by Fearon el al. (9) in the UV near a wavelength of 350 nm. This absorption was interpreted as a result of resonant detrapping of the electrons from their bubbles. The ultraviolet absorption has also been studied in detail by proton-beam irradiation of solid deuterium and is the subject of this communication.
Experiment
The basic apparatus for this research has been described previously (10) . Since the spectral region of interest is strongly overlapped by absorption by ozone, care was taken to minimize its effects. The spectrometer was directly coupled to the proton-beam-line target chamber and cryostat via transfer optics that were under vacuum. The Xe arc lamp source with its transfer optics and optical beam chopper were maintained in an enclosure that was continuously flushed with nitrogen. A rotating plate with three neutral density filters (and one open position) close to the Xe arc lamp was used to compensate for the more than 50-fold change in spectral intensity of the source between 500 and 200 nm. These filters were remotely controlled so that the spectrum, taken in four segments, could be acquired without entering the target room, which would alter the ozone concentration in the light path. Earlier experiments, which did not incorporate these precautions, were plagued with nonreproducible results and had been abandoned for some time before these experiments were conducted. Even so, as will be seen in the results reported below, it was not possible to completely remove the effects of ozone.
The spectrometer was a McPherson model 218 having a focal length of 0.3 m and employing a 1200 linelmm holographic grating. A constant slit width of 100 pm was used for all experiments giving a spectral resolution of 10 cmpl at 20 000 cm-' . The optical detector was an EM1 9635 QA photomultiplier and a Stanford Instruments SR-5 10 lock-in amplifier.
Spectra and timing results
The solid curve in Fig. 1 shows the UV absorption in a sample of solid deuterium at 4.2 K under irradiation by 15 MeV protons at a current of 6 nA. The sharp onset of the absorption between 25 000 and 28 000 cm-' was very reproducible both between spectra and between samples. The absorption decreases to the higher frequencies was more uncertain probably due to the interference of residual ozone.
Timing curves were obtained for the growth of the absorption feature after initiation of the proton irradiation and its decay after proton-beam termination. The shape of such curves are clear signatures of either the lattice ion or trapped electron and have been discussed previously (4, 7, 10) . The timing curves for the UV absorption, shown in times for the UV absorption are considerably shorter than for the Q; absorption' and these differences will be discussed subsequently.
The integrated absorption intensity of the band was determined approximately by truncating the spectrum at v = 50 000 cm-'. Using the relation ' For an explanation of the notation see ref.
11.
the number of absorbing centres N was determined. In expression [ I ] , e and m are the charge and mass of the electron, e0 the permittivity of free space, and c is the velocity of light. The oscillator strength f was assumed to be 1 and the optical path length L was 1 cm. The value of N obtained was lot6
In good agreement with values obtained from a model that fit the timing curves of the charge-induced lines of solid deuterium (10) . Both the assumption of unity for the f value and the truncation at 50 000 cm-' (necessitated by poor signal response) indicates that the above value for N is a lower bound.
Square-well model for the electron
If the UV absorption is indeed due to the trapped electrons detrapping to the continuum as first suggested by Fearon et al. (9) , then it is possible to construct a simple model of the process as has been done for photoejection spectra in other media (12, 13) . In this model, the electron is trapped in a spatially spherical square-well potential of radius a and depth Vo. The ground state of the trapped electron has angular momentum 1 = 0 and since we are considering only dipole transitions from the ground state, we need only consider continuum states with 1 = 1.
The differential cross-section for photoejection is given by (1 2) In [2] c, e, and rn are as in [I] , fi2k2/2rn = IylV,, 0y0 = (IyI+ yo)Vc/h where V, = fi2/(2rna'), h = Vo/V,, and E = -yV, is the energy of the continuum states while Eo = -yoV, is the eigenvalue of the lowest bound state. Also in [2] , lzvol is the expectation value of the transition dipole that was evaluated numerically.
The model contains two adjustable parameters h and a . The parameter h affects the shape of the calculated absorption whereas both h and a determine the energy of transition, i.e., the spectral region. For reasons given above, it was deemed that the sharp rise at 25 000-28 000 cm-I was the most reproducible experimental feature and so h and a were chosen to give a best fit to this feature. Although the sharp rise was well described, the calculated feature was narrower than that observed with a maximum about 1000 cm-' to lower frequencies; the fit is shown in Fig. 1 .
To see what the effect of a more realistic potential would be, the hard-sphere potential was softened in an arbitrary way. In the region between a and 2a, a quadratic transition was introduced to make a softened wall for the potential well. One expects a well with finite extent that guarantees that a finite number of states will be bound. By fitting with the new potential, the values of Vo and a were affected only negligibly but, as can be seen in Fig. 1 , the fit, over the peak was noticeably improved.
Because of the experimental uncertainties and the simplicity of the theoretical model, there is little to be gained by trying to fit the experiments exactly. One further use was made of the square-well potential; using it a search was made for other possible bound states. In particular, the 2p state is of interest since, if it is bound, then the 1s-2p transition may produce an observable absorption that has not been seen. It was found that the 2p state only becomes bound if the parameter h has a value greater than 40, well beyond the fitted value of 34. Can. J. Phys. Downloaded from www.nrcresearchpress.com by UNIV GUELPH on 04/12/13
For personal use only. As mentioned in the introduction, the electron bubble in solid deuterium causes three different spectral signatures: the UV absorption considered here, a broad IR absorption (7), and the Q, line (10, 1 1) . Both of the latter effects are more complicated than the UV absorption. The IR absorption contains two broad maxima while the Stark-shifted Q; line, under higher resolution, is composed of several components. Such details are not yet understood and an appeal has been made to either a selection of bubble sizes or a breakdown of spherical symmetry. We would like to point out that the present model for the UV absorption is quite sensitive to bubble size and the sharp onset of the spectral feature cannot be reproduced if the bubble radii were not uniform to about 0.1 A. Hence, it seems probable that a breakdown of spherical symmetry is responsible for these other spectral complications and may also be invoked for the profile of the UV tail of the present spectrum.
Modification to rate equation
In our previous work on deuterium (lo), the turn-on and turn-off timing curves for the Q, and Q; lines at 4.2 K were fit to the results of a model based upon four distinct charged species being present in the irradiated sample. Two were positive and two negative with one of each being much less mobile than the other (we use "mobility" to refer to any movement of the charged species regardless of cause). The concentrations of these species were labelled N, ( i = 1-4) with NI and N2 positive, and N3 and N4 negative. For example, N? is the concentration of positive-ion clusters (the immobile positive charges) while N3 is the concentration of the electron bubbles (immobile negative charges).
The rate equations for these four species are written down in terms of two production-rate constants (called yl and y4) and three recombination-rate constants, with the details in ref. 10 . What is relevant to the present work is that at 4.2 K the decay of the UV absorption feature is noticeably more rapid than that of the Q, line, as can be seen in Fig. 3 , even though both are thought to be caused by electron bubbles. There is, however, a straightforward explanation if one considers that for UV absorption, the incident light beam is promoting the electron out of the bubble into the continuum. While this process is for the most part resonant, because the lattice responds very slowly compared with the time for electron transitions, it seems likely that some small fraction of bubble sites will be lost by this absorption mechanism.
With this in mind, we have modified one of the four rate equations, the one for trapped electrons, to read where the additional constant, y3, is a destruction rate coefficient describing the bleaching by the UV lamp, which is not present for the IR experiments. The solution of the set of four coupled equations applicable to the turn off of the UV absorption feature is plotted as a broken line in Fig. 3 . For comparison, the experimental and model curves are also shown for the Q; line in the IR. Only [3j above was changed, using a value of y3 = 1 x lop3 S-l, and no other constants were altered from their values in ref. 10 .
Conclusions
A broad absorption near a wavelength of 350 nm has been measured in proton-irradiated solid deuterium at 4.2 K. The absorption is caused by resonant photoejection of electrons trapped in quantum bubbles. Timing measurements on the absorption are consistent with those of other spectroscopic features associated with electron bubbles. A set of rate equations used previously to model the turn-off of the Q: and Q; lines has been modified to account for bleaching by the UV source, and was found to agree well with the measured behaviour of the feature upon beam termination. A simple square-well potential model for the electron has been investigated and was shown to give a spectrum in good agreement with experiment. Through this model estimates of the well depth and radius were obtained, and the radius value agrees well with estimates obtained from other spectroscopic features. It is worth noting that while other features associated with the electron bubble can be used to estimate the radius of the electron bubbles, this calculation affords the first good estimate of the depth of the trap in which the electron is bound.
